Constrained by ERA-Interim, a cloud-resolving model is employed to characterize cloud systems over the Tibetan Plateau (TP) and east China. The authors focus on analyzing the role of different physical processes on cloud macro-and microscale properties of the cloud systems, especially convective cloud systems between east China and the TP. It is found that convective clouds over the TP are thinner than over east China. This difference is also reflected in the albedo at the top of the atmosphere, where smaller albedos are found for the clouds over the TP. Furthermore, the lifetimes of the deep cloud systems over the TP are shorter than over east China. For the entire simulated period, the latent heat released by phase transitions contributes the most to the total heating and moisture budget, followed by eddy transport over all regions. In addition, radiative heating also plays a nonnegligible role in the total heating effects over the TP. These results also suggest that the influence of ice phase processes is more important over the TP than east China, especially during deep convective periods. Affected by strong surface heat flux, the cloud-top height of convective clouds over the TP exhibits a diurnal cycle, leading to a diurnal cycle of rainfall.
Introduction
Clouds can impose profound effects on both weather and climate by adjusting the radiation budget of the atmosphere and affecting the water cycle via precipitation. The large-scale dynamical and thermal environments can influence and modulate the development and organization of convection and clouds. The knowledge of clouds affects the accuracy of the cloud representation in the numerical model and imposes effects on the weather forecast and climate simulation.
The weather and climate of East Asia are profoundly influenced by the East Asia summer monsoon, which carries moist air from the Pacific Ocean and strongly affects clouds and precipitation in east China (e.g., Ding and Chan 2005; Zhou and Yu 2005) . The Tibetan Plateau (TP) is known as the third pole of the world owing to its extremely high elevation. As a result, the atmosphere is thinner than that of the adjacent plains. According to the study of Luo and Yanai (1984) , the high land surface of the TP, which lies at the midtroposphere, can produce significant heating and moisture in the atmosphere, both of which affect the development of clouds and precipitation. These differences in topography and environment cause substantive differences in clouds. Meanwhile, the lack of observations restricts the understanding of clouds over the TP, leading to disproportionate knowledge of clouds between the TP and east China. Furthermore, the complex terrain of the TP needs finer resolution to obtain reasonable simulation results. All these factors lead to greater simulation biases of temperature and precipitation over the TP than that over east China (e.g., Chen et al. 2014) .
The different thermal and dynamic environments of east China from the south to the north make various conditions for the formation and development of clouds. It is found that the atmospheric conditions over coastal south China are favorable for convective initiation (e.g., Wang et al. 2014b) , the mei-yu front synoptic system can produce mesoscale convective systems over the Yangtze-Huai River basin (YHRB; e.g., Luo et al. 2014) , and the local instability plays a more important role in the rainstorm events during the postmonsoon and monsoon-break periods compared to the monsoonactive periods in the YHRB and south China (e.g., Luo et al. 2013) . The convective systems are mostly caused by mesoscale shear lines, mesoscale convergence lines, or mesoscale convergence centers over north China (e.g., Wang et al. 2014a ).
Generally, clouds over east China are closely related to the atmospheric kinetic characteristics, such as the large-scale circulation patterns. However, clouds over the TP are strongly affected by the special thermodynamic features in summer owing to the large-scale and extremely high topography (e.g., Luo and Yanai 1984; . Special characteristics of clouds and precipitation over TP (e.g., diurnal cycle of convection and the depth of convection) are found because of the strong surface sensible heating, limited moisture, and cold environment (e.g., Chen et al. 2015) . However, the internal characteristics of these clouds remain poorly understood owing to the limited data. Ongoing satellite observation missions, such as CloudSat/CALIPSO, have provided information on the vertical structure of clouds and other information related to global cloud systems (e.g., Huffman et al. 2007; Stephens et al. 2002) . With the product of CloudSat/CALIPSO, it is found that the deep convection over the TP is shallower, less frequent, and embedded in smaller-size convection systems as compared with that in the southern slope of the TP and South Asian monsoon region (e.g., Luo et al. 2011) . Using the TRMM dataset, which has more expansive space coverage than CloudSat/CALIPSO, found that deep precipitating systems over the eastern TP exhibited weaker microwave ice scattering and lower lightning flash rates than those in the other three regions (foothills, south China, and lowland) with similar radar echo tops. Using different deep convective system (DCS) definitions from Luo et al. (2011 ), Qie et al. (2014 indicated that DCSs over the TP occur more frequently than over the ocean and are relatively weak in convective intensity and small in size.
However, the difference between the TP and east China in microphysical properties and its reasons are still poorly understood. It is found that the internal microphysical processes can have profound effects on the development of clouds and precipitation (e.g., Yin et al. 2002 Yin et al. , 2012 . Previous studies have shown that the microphysical characteristics (e.g., cloud drop size and ice nucleus concentration) in east China are different from those over other regions (e.g., Luo et al. 2010; Jiang et al. 2015) . Meanwhile, different microphysics schemes predict substantial differences in the intensity of convective precipitation and the vertical distributions of latent heating and condensate loading in linearshaped mesoscale convective systems during the mei-yu period over the Huai River (e.g., Luo et al. 2010) , implying that the presentation of cloud systems in the model needs to be improved and that more detailed information of clouds is desired. Subject to the limitations of the present cloud dataset (e.g., few long-term datasets with high spatial and temporal resolution) over the TP, few studies have been conducted to understand the differences in the macro-and microphysical properties of clouds between east China and the TP and the possible reasons that caused these differences. With the observed large-scale forcing, cloud-resolving models (CRMs) can generate cloud-scale data with both macroand microscale cloud characteristics for periods ranging from several weeks to years and further contribute to the improvement of the representation of cloud systems in general circulation models (e.g., Wu and Liang 2005; Tao et al. 2003) . The CRM approach has been applied in several regions over both the oceans and continents (e.g., Grabowski et al. 1996; Wu et al. 1998 Wu et al. , 1999 Wu et al. , 2007 Wu et al. , 2008 .
In this paper, a cloud-resolving model is employed to simulate the evolution of cloud systems over the TP and east China during the monsoon season. A complete cloud dataset is generated for studying the physical processes related to clouds and the environment, which helps to improve the understanding of the cloud macroand microphysical differences between the TP and east China. A brief introduction to the model and experimental design is presented in section 2. The thermodynamic fields are analyzed in section 3, followed by an analysis of the cloud and radiative properties in section 4. The cloud-induced heating and moistening processes are discussed in section 5. A brief summary and discussion are given in section 6.
Descriptions of the model and experiments

a. Model descriptions
The model used in this work is the two-dimensional (2D) version of the cloud-scale model developed by Clark et al. (1996) . The model uses the periodic boundary and has been improved by including largescale forcing and modifications to physical processes for long-term simulations of cloud systems by Grabowski et al. (1996) and Wu et al. (1998 Wu et al. ( , 1999 Wu et al. ( , 2007 . The Kessler-type bulk warm rain parameterization (Kessler 1969 ) and the Koenig-Murray bulk ice parameterization (Koenig and Murray 1976) are used in the model. Cloud water and rain are considered in the model and the conservation equations for the mixing ratio are solved. For the warm rain processes, autoconversion of cloud water into rain is parameterized according to Berry (1968) , and the autoconversion rate depends on the number concentration of cloud droplets and the width of the drop size distribution. Two classes of ice, referred to as ice A and ice B, are considered in the model, and the conservation equations for both the mixing ratio and number are solved. Ice A (typically associated with unrimed or lightly rimed ice particles) is formed by either heterogeneous sorption nucleation or homogeneous nucleation (below 2408C) of pristine ice crystals, whereas ice B is usually associated with heavily rimed particles (e.g., graupel) with large fall speeds and high densities and originates from the interaction of cloud droplets with ice A. The radiation scheme of the National Center for Atmospheric Research (NCAR) Community Atmosphere Model (Kiehl et al. 1996) is included in the model to handle radiative processes, and the first-order eddy diffusion method of Smagorinsky (1963) is applied to calculate subgrid-scale mixing. More detailed information about this model can be found in Clark et al. (1996) and Wu et al. (1998 Wu et al. ( , 1999 Wu et al. ( , 2007 .
b. Data and experimental design
In this study, ERA-Interim (Dee et al. 2011 ) is used to compute the large-scale forcing:
Here, u is the potential temperature, q the water vapor mixing ratio of water vapor, V the horizontal wind vector, v the vertical p velocity, and p the pressure. The large-scale forcing is computed using Eqs. (1) and (2) based on ERA-Interim (Dee et al. 2011) . The zonal and meridional wind components, temperature, geopotential height, and specific humidity are given by the reanalysis data on a 2.58 3 2.58 grid at 37 standard pressure levels (i.e., 1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 700, 650, 600, 550, 500, 450, 400, 350, 300, 250, 225, 200, 175, 150, 125, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, and 1 hPa) . In addition to these quantities, the surface pressure and heat flux (both surface sensible and latent heat fluxes of 3-hourly temporal resolution) are also used. As denoted by Yanai and Tomita (1998) , the estimate of the vertical advection term in Eq.
(1) in the upper troposphere is extremely sensitive to the vertical velocity because of high static stability. Following the method used by Yanai et al. (1973) and Yanai and Tomita (1998) the vertical velocity is recalculated from the horizontal divergence by vertically integrating the continuity equations. More detailed descriptions of the calculations can be found in Chen et al. (2015) . In addition, the regionally averaged winds, potential temperature, and specific humidity are derived from the reanalysis and are used for driving the model. One of the most important large-scale conditions over east China is the monsoon circulation. The East Asia summer monsoon (EASM) invades east China from early May to August, extending from south China to northeast China. South China first experiences the presummer rainy season (late April to midJune) characterized by warm-sector precipitation (Ding 1994) . It is found that the most intense rainfall often occurs in the high-u e areas that are a few hundred kilometers away from a low-level shear line or without a shear line/front in south China. The warm-sector extreme rainfalls in South China during the presummer rainy season are investigated by the observational data (e.g., Wang et al. 2014b; Wu and Luo 2016) . It is found that the environmental conditions of southern China are characterized by little convective inhibition and lowlifting condensation level and moderate convective available potential energy and precipitable water; some heavy rainfall cases along the south China coast can happen even without significant low-level jets from the tropical ocean. The middle and lower reaches of the Yangtze River (MLYR) are famous in the meteorology field for the mei-yu period during early summer. One of the important environment conditions for the mei-yu is that the western Pacific subtropical high extends to the west and shifts to the north. Under this condition, the mei-yu front wanders in the Yangtze-Huai River basin, and meso-b-scale systems become active, which can maintain continuous rain and cause rainstorms. When the EASM advances toward the north, the accompanying moisture and energy result in the rainy season over north China.
The TP hits its water vapor peak during the summer (e.g., Gao et al. 2003) , and the convective activities are exuberant during this period. According to the study of Ueda et al. (2003) , there is a large heat source in the eastern TP with amplitude about 2 times those over the western plateau in May, and the heating over the western TP becomes weaker in July compared to May. Additionally, the land cover over the eastern part is mostly covered with vegetation, while it is primarily barren land in the western part (e.g., Cui and Graf 2009) . Therefore, the TP is separated into the eastern TP (ETP) and western TP (WTP) and a summer month with more strong convective activities is selected for the simulation. Then, six subregions and corresponding periods are selected and are shown in Fig. 1 and Table 1 . Because the CRM is not coupled with land surface models, the surface latent and sensible heat fluxes from the ERA-Interim dataset are prescribed in the simulations (e.g., Wu et al. 2007 ). The regionally averaged results of large-scale forcing for every region are used for driving the CRM. The model domain for every simulation is about 600 km with a grid of 3 km. For every time step, the forcing is uniform across the model domain.
The thermodynamic properties
The development of convection and clouds largely responds to thermodynamic and dynamical forcing. Compared with east China, the TP has different thermal and moisture characteristics owing to its extremely high altitude and complicated topography. Time series of vertical velocity and moisture for the six regions during the selected periods are shown in Fig. 2 (note that the height in Fig. 2 and other figures corresponds to the altitude above the ground unless noted otherwise). The upward vertical motion over the TP, especially WTP, is a consequence of the thermal driving force from the ground. There is no dramatic variation in moisture owing to the dry conditions over the TP (Figs. 2e,f). However, east China is more humid with larger variations and has stronger vertical velocities than over the TP .
The differences in the moisture, temperature, and dynamic fields lead to various large-scale temperature and moisture forcing. Figure 3 shows the time series of forcing for the six regions. Negative thermodynamic forcing generally associated with positive moisture forcing, indicating the presence of convection (e.g., Yanai et al. 1973) . The strong forcing is correlated with upward motion and is shown in Figs. 2 and 3. The thermodynamic forcing over east China reaches as high as 10 km above the ground, whereas a height of only 8 km is found for the TP. Furthermore, the thermodynamic forcing over the TP is weaker in magnitude and shorter in lifetime than over east China but exhibits stronger diurnal variations owing to the diurnal cycle of the surface heat fluxes.
Using these large-scale forcings, CRM simulations were conducted over each region for 30 days. The differences in the 30-day mean temperature and moisture between the simulations and reanalysis are shown in Fig. 4 . The CRM tends to generate humid biases in east China and the ETP and dry biases over the WTP. According to the study of Grabowski et al. (1996) , the periodic boundary condition used in the model will keep the moisture in the model domain, which might be responsible for the wet biases. In such situations, the precipitation process can remove the excessive moisture seasonably when there is strong large-scale forcing. Otherwise, the lack of large-scale forcing for the condensed water would keep the moisture in the domain, leading to the exaggerated biases. Therefore, the biases over the Pearl River delta (PRD), MLYR, and the north plain of China (NPC) are relatively small because of the presence of the strong upward motion and large-scale forcing (Figs. 2 and 3). There are strong variations in biases over northeast China (Fig. 4d) , which is related to the weak forcing during 13-20 July (Fig. 3d) . WTP shows great cold bias, which can be as much as 5 K. A possible reason for this cold bias is that the sensible heat flux is not strong enough to balance the cooling forcing (Fig. 3e) . Meanwhile, the rapid increased surface sensible heat flux after sunrise and the dry environment likely induce dry convections over WTP (e.g., Chen et al. 2015) , which results in a lack of condensation and encourages the cold biases. In addition, the reduced reliability of the reanalysis can exaggerate the bias over WTP. These distinctions in the thermal environment and large-scale forcing (Figs. 2 and 3) result in different cloud characteristics (e.g., location, strength, and organization) and various cloud structures over these regions, which can further modulate the thermal environment through microphysical and precipitation processes. The dissimilar biases over these regions correspond to responses from the thermal environment and large-scale forcing and suggest that there are differences in the precipitation and cloud structures over these regions. Figure 5 shows the precipitation amount observed by the TRMM (3B40) satellite (Huffman et al. 2007) , taken from the ERA-Interim data, and simulated by the CRM. The evolution of the observed precipitation is reproduced well by the model, especially in east China. The reanalysis data show higher precipitation amounts than TRMM observations in all the regions, and the wet biases are enhanced during heavy precipitation events, which is similar to the results from models with convective parameterizations (e.g., Chen et al. 2014; Yang et al. 2015) . Compared with the reanalysis, the CRM-simulated precipitation agrees better with the TRMM precipitation despite the fact that the large-scale forcing is computed from the reanalysis dataset. The simulated precipitation amounts in both the MLYR and northeast China (NEC) regions are consistent with the observations. The reanalysis precipitation is the outlier over the TP when compared with the TRMM dataset in magnitude, especially during the strong precipitation period (Fig. 5e ), which may be caused by the limited data used in the reanalysis owing to the lack of ground stations. However, the simulated precipitation still agrees with the TRMM data in magnitude over the TP (Fig. 5e) . Compared with east China, the rainfall peak over the TP is much smaller in magnitude, which is mostly caused by the weak large-scale forcing as shown in Figs. 3e,f.
Cloud and radiative properties
The strong upward motion and large-scale forcing, which indicate strong deep convective activity, result in significant rainfall (domain averaged precipitation rate exceeding 1 mm h 21 ) over east China . However, the situation over the TP is different. The upward vertical motion and large-scale forcing is weak (Figs. 2e,f) . Above all, the patterns and magnitudes of large-scale moisture forcing as shown in Figs. 3a-d demonstrate that the large-scale moisture convergence over the TP is weaker than that of east China. These factors lead to small rainfall rates over the TP, implying that the convection tends to be smaller in size and water content. These results are consistent with previous satellite data analyses conducted by Qie et al. (2014) and . The differences in precipitation between the TP and east China suggest that there are distinct differences in the cloud systems (e.g., microphysical structures) over these regions. Therefore, Fig. 6 shows the time series of the total cloud water mixing ratio (CWMR; including both the cloud water and ice). The maximum CWMR is generally associated with strong upward motion (Fig. 2) , strong forcing (Fig. 3) , and precipitation formation (Fig. 5 ). There are high frequencies of clouds with low cloud tops over the TP and low frequencies of deep cloud systems in east China. The maximum domain-averaged CWMR is less than 0.21 g kg 21 over the TP and exceeds 0.30 g kg 21 over east China, which is compatible with the moisture environment depicted in Fig. 3 . Over east China, the domain-averaged maximum CWMR exceeds 0.27 g kg 21 at the level above 10 km above the ground (e.g., approximately 25 April in the PRD), which agrees with the strong upward motion and strong forcing shown in Figs. 2 contribution to precipitation owing to its strength and lifetime (Figs. 5a-d) . A similar cloud system is found over the TP, although the maximum CWMR is smaller (usually less than 0.21 g kg 21 ) and occurs at the level of 2-4 km above the ground. Moreover, the lifetime of this cloud system is typically shorter than a day over the TP, which seems to be unorganized. An important reason for the unorganized clouds over the TP is its dry environment. Comparing with east China, the vertical wind shear at low levels is weaker over the TP, especially in WTP (figure not shown), which is another important reason for the unorganized convections (Corbosiero and Molinari 2002) . The differences in cloud hydrometeors and structure (Fig. 6 ) lead to different radiative properties. Cloud water path is an important quantity when examining radiative properties. Figure 7 shows the time series of the total cloud water path (CWP) and cloud ice water path (IWP). There are large spatial differences in the CWP over different regions. Over east China, the to the small CWMR (Fig. 6 ) and thin atmosphere.
These differences in CWP correspond to the different cloud microphysical structures (Fig. 6 ) and the thermal (Figs. 2 and 3 ) environments. Another difference between the clouds over TP and east China is the FIG. 6 . Time series (3 hourly) of the domain-averaged total cloud water mixing ratio (including both the cloud water and ice; g kg 21 ) over the six regions.
FIG. 5. Time series of the 3-hourly precipitation (mm h
21
) for the ERA-Interim data (ERA; blue), TRMM 3B40 data (TRMM; green), and the model results (CRM; pink) over different regions. The correlation coefficients for the CRM with both the TRMM (r1) and ERA (r2) data are marked in the legend in each panel.
contribution of the IWP to the CWP. The IWP has a larger contribution to the CWP over the TP than in east China, especially during the periods with active deep convective clouds. The low surface temperature induces a much lower freezing level over the TP, which takes the main responsibility for the larger IWP contribution (e.g., Xu 2013).
The solar radiative properties are investigated through the albedo, which is defined as the ratio of the upward and downward shortwave radiation fluxes at the 
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top of atmosphere (TOA). Figure 8 shows the time series of the simulated albedo and the results calculated from the Clouds and the Earth's Radiant Energy System (CERES) dataset (Wielicki et al. 1996) . The TOA albedo can be affected by the cloud amount and the total cloud water content. Hydrometeors are typically abundant in deep clouds, resulting in elevated albedos. The albedo exhibits dramatic daily oscillation in east China (e.g., 10 June in the MLYR, 20-27 August in the NPC, and 8-12 July in the NEC), implying the presence of deep convective cloud systems. The dramatic albedo variations are typically accompanied by strong forcing and deep clouds , suggesting that the rapidly increasing albedo is primarily caused by deep convection over east China. Compared with east China, the variations of albedo on the TP are less dramatic owing to the smaller magnitude of the CWP depicted in Figs. 7e,f, suggesting that shallower deep convective cloud systems have a reduced impact on the albedo of clouds over the TP. The albedo and CWP over the TP are relatively small during periods of strong vertical motion and large-scale forcing, suggesting that deep convection is relatively weak in intensity and small in size and consistent with previous analysis of observed precipitation (e.g., Luo et al. 2011; Qie et al. 2014 ). On average, the TOA albedo shows greater values in the TP than in east China, which may be caused by the more frequent shallow convective clouds over the TP (e.g., Li et al. 2004 ).
To further examine the differences in cloud thickness over the studied regions, the cloud-base and -top height frequencies for all cloud cells over the six studied regions are shown in Fig. 9 . Here, a cloud cell refers to a separated cloud in the grid column. Generally, stratiform and cirrus clouds are shallow systems with small distance between cloud top and base; therefore, their frequencies are distributed near the diagonal in every panel in stratiform and cirrus clouds, deep convective clouds extend over greater depths and exhibit low cloud bases and high cloud tops, leading to frequencies in the upper-left portion of each panel in Fig. 9 . Therefore, the high frequency of deep convective clouds results in left-hand plume structures in Fig. 9 . This structure is pronounced in boreal summer because of the frequent convective activity, such as that over the MLYR, NPC, NEC, WTP, and ETP. The deep convective cloud systems in east China can develop to heights of 10-12 km above the ground or even higher, which is slightly lower than 12-14 km based on the results of the Atmospheric Radiation Measurement program (Wu et al. 2007 ). However, the deep convective clouds primarily have tops of approximately 6-8 km above the ground and bases of approximately 0.5-2 km above the ground over the TP. The convective systems over both east China and the TP are shallower than those that develop over the tropical ocean, which can reach heights of 14-16 km (Wu and Liang 2005; Qie et al. 2014) . One important reason for the shallower cloud systems over the TP is its dry environment. In addition, the free atmosphere depth (the height between ground and tropopause) over the TP is much lower than that in east China (Wilcox et al. 2012) , which is another important reason that restricts the vertical extent of the convection.
Physical processes contributing to convective heating and moistening
Using the reanalysis data, the apparent heat source Q 1 and moisture sink Q 2 can be computed as follows (Yanai et al. 1973) :
Here, p 0 5 1000 hPa, k 5 R/c p , c p is the specific heat, R is the gas constant, p is the pressure, and L is the latent heat of condensation. When deep convection is present, vertical eddy transport effects on low-level moisture are significant and lead to condensation at upper levels. The restructuring of moisture in the vertical and latent heat release affect the vertical structure of Q 1 and Q 2 . Therefore, the nature of precipitation (e.g., convective or stratiform) can be deduced by the vertical structure of Q 1 and Q 2 (e.g., Yanai and Tomita 1998; Chen et al. 2015) . However, a diagnostic method cannot separate the contributions of different physical processes. Based on the CRM simulations, the physical processes contributing to Q 1 and Q 2 can be estimated as follows:
where
Here, r 0 is the air density; L s and L f are the latent heats of sublimation and fusion, respectively; and c, e, d, s, f, and m are the rates of condensation, evaporation, deposition, sublimation, freezing, and melting, respectively. The right-hand side of Eq. (3) contains terms representing eddy transport Q 1e , phase changes Q 1c , radiation Q 1r , which includes both shortwave and longwave radiative tendencies, and subgrid-scale diffusion Q 1d , which includes the divergence of the parameterized vertical flux related to the surface sensible heat flux. Similarly, the terms on the right-hand side of Eq. (4) represent eddy transport Q 2e , phase changes Q 2c , and subgrid-scale diffusion Q 2d , which includes the divergence of the parameterized vertical flux associated with the surface latent heat flux. Figure 10 shows the simulated domain-and timeaveraged profiles of Q 1 and Q 2 and the results diagnosed from ERA-Interim. The simulated profiles agree well with the diagnostic results in the context of both the shapes and the values. Because of the high vertical resolution, the simulated results exhibit stronger variations in the vertical direction than the diagnostic results, possibly owing to eddy transport. The positive peaks in the Q 1 and Q 2 profiles are obtained over all regions, although the peak altitude varies as a function of region. This finding is similar to the summer climatological features (Chen et al. 2015) . It found that there is large negative Q 2 at low levels while there is abundant moisture at these levels as shown in Fig. 2 . According to the calculation equation of Q 2 , this is perhaps caused by the advection effects. However, the diagnostic approach cannot differentiate between the contributions of different processes, which can be supplemented by the model results.
The terms in Eqs. (3) and (4) and the heating effects due to different phase change processes are shown in Fig. 11 , and the effects of different phase change processes are shown in Fig. 12 . The phase change processes result in the positive peaks in the total profiles of Q 1 and Q 2 (Fig. 10) , especially for Q 1 . The vertical structure of Q 1 is primarily dependent on the latent heat released by phase changes. The radiation effects (both shortwave and longwave) impose a cooling effect, which opposes the influence of phase changes. Compared with east China, the radiative effects have larger impacts on the thermal properties over the TP. The eddy transport and subgrid-scale diffusion exhibit no significant effects on the structure of Q 1 over all regions. However, the eddy transport has the second most important effect on the vertical redistribution of moisture, which is denoted by the Q 2 profiles (Fig. 11) .
Phase change processes (both warm and ice phase) are closely related to the microphysical processes and vertical motion. As noted by Yanai et al. (1973) , the latent heat released by condensation can reshape the thermal profile and redistribute moisture in the vertical direction, which is responsible for the vertical variations in both Q 1 and Q 2 depicted (Figs. 10 and 11) . Figure 12 depicts the contributions of different in-cloud processes. The strong heating effects are primarily related to condensation, deposition, and freezing, whereas the cooling effects are due to evaporation FIG. 10 . Domain-and time-averaged profiles of Q 1 (black; K day 21 ) and Q 2 (gray; K day 21 ) for the simulations (SIM; dotted) and those diagnosed from the reanalysis data (OBS; solid) over the different regions.
and sublimation. Compared with east China, the condensation and the ice processes hit their peaks at a lower level above the ground (approximately 1 km) over the TP. Furthermore, the process of sublimation consumes more heat over the TP than in east China, which likely relates to the near-surface freezing level over the TP. The analyses of thermodynamic fields, precipitation, and cloud water mixing ratio suggest that there are large differences in deep convection between east China and the TP (sections 3 and 4) . Based on the analysis of cloud frequency (Fig. 9) , deep convective clouds are defined as clouds that satisfy at least one of the following two criteria: 1) the cloud depth is greater than 10 km, and the cloud top is greater than 12 km above the ground over east China (the cloud depth is greater than 5.5 km and the cloud top is greater than 6 km above the ground over the TP), and 2) the maximum vertical velocity of the cloud cell is greater than 10 m s 21 . Compared with the definition of Luo et al. (2011) , this definition considers the cloud depth instead of radar reflectivity. The enhanced phase change processes in deep convection can result in dramatic increases in Q 1 and Q 2 , which are shown in Fig. 13 . The   FIG. 11 . Domain-and time-averaged profiles (K day 21 ) of eddy transport Q 1e and Q 2e , phase changes Q 1c and Q 2c , radiation Q 1r , and subgrid-scale diffusion Q 1d and Q 1d in the different regions.
apparent heating source in deep convection can reach 80 K day 21 in warm and moist regions (e.g., the PRD).
Over the TP, the maximum heating in the center of deep convection can be as high as 5-10 times the monthly mean. The differences in the peak altitudes for Q 1 and Q 2 between the TP and east China are similar to those shown in Fig. 10 . The abundant latent heat released by phase change processes in deep convective clouds determines the general shape of the profiles for Q 1 and Q 2 (Fig. 14) . The second contributor is eddy vertical transport, which agrees with the theoretical inference by Yanai et al. (1973) . The eddy term exhibits positive effects near the surface. With the altitude increment, the eddy term imposes a negative effect on Q 2 over all regions. Moreover, eddy transport effects influence Q 2 more than Q 1 . The other terms (e.g., radiation and diffusion) have no significant thermal impacts on Q 1 and Q 2 during the convective period. Figure 15 shows the heating effects due to different phase change processes during the convective period. The contribution of different phase change processes to the heating effects is various. All the phase change effects increase dramatically during the convective period, and their relative importance to the total heating source is similar to the averaged condition over east China. Over the TP, ice phase processes have nearly the same contribution to the total Q 1 and Q 2 as warm phase processes over the TP. The heating effects due to freezing over the TP are comparable with those in east China, although the TP environment is drier and the heating effects due to the condensation over the TP are not as strong as in east China. These characteristics suggest that cloud drops at low levels will freeze because of the low temperatures over the TP, which promotes ice processes and weakens the effect of condensation. Consequently, evaporated water decreases and sublimation of ice increases over the TP. These vertical structure characteristics further affect the local energy budget and precipitation formation. The difference in the vertical structure of the phase change terms is a response to different cloud microphysical processes. One of the most important quantities is the CWMR, which can influence the vertical structure of the radiative heating rate and the accuracy of the remote sensing retrievals (e.g., Li et al. 2013) . Figure 16 shows the probability distribution of the maximum CWMR (including both the cloud water and ice), its altitude, and the freezing level (the level of 08C). Here, the maximum CWMR refers to the maximum CWMR in one cloud column. The freezing level in east China is approximately 4 km but is typically below 2 km over the TP. The cloud usually reaches its maximum CWMR at the maximum vertical velocity level (e.g., Figs. 2 and 16 ). On the other hand, the ice phase processes can be triggered above the freezing level, leading to rapid increase in CWMR. Therefore, the maximum frequency is generally above the freezing level and the maximum CWMR exhibits large variability around the freezing level. The results suggest that deep convective clouds have a larger maximum CWMR over east China than over the TP, which is a consequence of the warm and moister environment in east China. The maximum convective CWMR over the TP is concentrated in the range 0-1.0 g kg 21 , which is smaller than in east China. The most dramatic difference between east China and the TP in the context of the maximum CWMR is the vertical structure. Compared with east China, the maximum CWMR extends over a broader height range (1-8 km) on the TP, which is related to the ice phase processes (Figs. 15e,f) . This special structure can affect solar radiation transfer and reflection of longwave radiation from the ground. Comparing with east China, the large-scale forcing (Figs. 3e,f) shows a significant diurnal cycle over the TP. Previous studies indicate that there is a significant diurnal cycle in convection and precipitation over the TP and claim that the surface heat fluxes play an important role in this cycle (e.g., Xu and Zipser 2011; Yuan et al. 2012) . Deep convective cloud tops are indicative of the intensity and precipitating capacity of convective systems (e.g., Cao and Qi 2014) . Here, the deep convective cloud top is detected in each model column by a threshold value (10 22 g kg 21 ) of the total cloud water mixing ratio. Then, the influences of the surface heat fluxes on the convection are investigated via the diurnal cycles of the precipitation and convection over the TP. Figures 17a,b show the diurnal cycle of the frequency of convective cloud tops over the WTP and ETP. The heights of convective cloud tops exhibit a diurnal cycle with an increasing trend around local noon, related to the rapidly increasing surface heat flux (Fig. 17c) . These results agree with the development of convection over the TP in previous data analysis (e.g., Chen et al. 2015; Luo and Yanai 1983) . The diurnal cycle induces cycles in the cloud water path and total precipitation (Figs. 17d,e) . However, the diurnal cycle of the mean total precipitation exhibits a slight increasing tendency from evening to midnight (Fig. 17e) over the WTP, which is in conjunction with weakening convective clouds (Fig. 17a) . As a comparison, Fig. 17f depicts the stratiform precipitation. Here, the convection precipitation is defined as the rain rate greater than 25 mm h 21 or the max vertical velocity greater than 10 m s 21 . Otherwise, it is stratiform precipitation. The stratiform precipitation is responsible for the increased total precipitation during the night over WTP (Fig. 17f) . These cloud systems are not as strong as deep convective systems, but they can make
FIG. 14. Mean profiles (K day
21
) of eddy transport Q 1e and Q 2e , phase changes Q 1c and Q 2c , radiation Q 1r , and subgrid-scale diffusion Q 1d and Q 2d for deep convective clouds in the different regions.
nonnegligible contributions to the total rainfall over the WTP during boreal summer, which agrees with the positive relationship between midlevel clouds and vertically integrated Q 2 , as has been suggested by Chen et al. (2015) .
Summary and discussion
In this study, large-scale temperature and moisture forcing were computed using ERA-Interim and used to drive a cloud-resolving model for east China and the Tibetan Plateau. The CRM-simulated cloud systems over four regions of east China and two parts (west and east) of the TP were compared to study their behaviors and understand the physical processes controlling convection and clouds during boreal summer. East China has a wet and warm thermodynamic environment with strong large-scale forcing, whereas the TP exhibits weak large-scale forcing because of its dry environment and high frequency of weak upward motion. These thermodynamic differences resulted in different cloud systems. The CRM-simulated cloud systems persisted for several days with high cloud water mixing ratios in east China, whereas small CWMR and quickly diminishing clouds were identified over the TP. Furthermore, the strong convective systems with abundant CWMR (.0.24 g kg 21 ) over 10 km above the ground were found to be short lived over east China, but which did not occur on the TP. Deep convective clouds on the TP exhibited cloud tops of 6-8 km above the ground and bases of 0.5-2 km above the ground, approximately 20%-30% thinner than the deep convective clouds over east China. Furthermore, phase changes were largely responsible for the heating and moistening over the six regions. During the study period, radiative heating over the TP had a larger contribution to the total heating source than in east China. Eddy vertical transport resulted in substantial differences in the vertical redistribution of moisture during cloudy periods over east China and the TP. For the phase change processes, condensation was found to dominate the heating process, whereas evaporation contributed the largest cooling effect over all regions. However, the ice phase processes (e.g., deposition, freezing, and sublimation) exhibited larger contributions to heating over the TP than in east China.
For deep convective clouds, phase changes were the largest contributor to the apparent heating source and apparent moisture sink, followed by eddy vertical transport over all regions. However, substantial differences in deep convective clouds were identified between east China and the TP through an analysis of the thermodynamic characteristics and the cloud water mixing ratio. Over east China, the heating process is mainly controlled by condensation and evaporation under normal conditions, and the ice phase processes (e.g., deposition, freezing, and sublimation) contribute more to the total heating effects when deep convective clouds are present. Over the TP, the heating effects due to condensation became less important, but the ice phase processes become a more important player. The cooling effects due to sublimation are important over the plateau and exceed the effects due to evaporation in the WTP, suggesting that ice phase processes should be paid more attention in weather and climate models in this region. The surface heat flux is found to affect the thermodynamic features over the TP, resulting in the large-scale forcing and deep convection diurnal cycles. Consequently, the heights of deep convective clouds increase in conjunction with the surface heat flux around noon, and the mean cloud water path and precipitation rate exhibit diurnal cycles.
ERA-Interim was used to obtain the large-scale forcing and to simulate cloud systems over east China and the TP for the first time. However, the uncertainties associated with the forcing obtained from the reanalysis data should be addressed (e.g., Bao and Zhang 2013; You et al. 2014) owing to the limited ground-based sounding data over the TP. Meanwhile, the cloud microphysical parameterization (e.g., ice fall speed) used in the model also induces some uncertainties to the simulated results, and the simulated cloud microphysical characteristics need to be further evaluated by observed data. Additionally, the reliability of the surface heat flux data over the TP may be lower than that in east China, and additional work is needed to analyze the surface heat flux and its effects FIG. 16 . Frequency distribution of the maximum CWMR (including both the cloud water and ice; g kg 21 ) over the six regions.
on cloud systems over the TP and to evaluate the simulated microphysics properties by more independent datasets.
